JOURNAL OF GENETICS AND by Dong Yang et al.
 
 
                               
 
 
 
 
 
 
www.jgenetgenomics.org 
DOI: 10.1016/S1673-8527(08)60156-3 
JOURNAL OF
GENETICS AND
 GENOMICS
J. Genet. Genomics 36 (2009) 645651 
An integrated view of the correlations between genomic and 
phenomic variables 
Dong Yang, Ying Jiang, Fuchu He
* 
State Key Laboratory of Proteomics, Beijing Proteome Research Center, Beijing Institute of Radiation Medicine, Beijing 102206, China 
Received for publication 6 July 2009; revised 18 September 2009; accepted 24 September 2009 
 
Abstract 
Genome sequencing opened the flood gate of “-omics” studies, among which the research about correlations between genomic and 
phenomic variables is an important part. With the development of functional genomics and systems biology, genome-wide investigation 
of the correlations between many genomic and phenomic variables became possible. In this review, five genomic variables, such as evo-
lution rate (or “age” of the gene), the length of intron and ORF (protein length) in one gene, the biases of amino acid composition and 
codon usage, along with the phenomic variables related to expression patterns (level and breadth) are focused on. In most cases, genes 
with higher mRNA/protein expression level tend to evolve slowly, have less intronic DNA, code for smaller proteins, and have higher 
biases of amino acid composition and codon usage. In addition, broadly expressed proteins evolve more slowly and are shorter than tis-
sue-specific proteins. Studies in this field are helpful for deeper understanding the signatures of selection mediated by the features of gene 
expression and are of great significance to enrich the evolution theory. 
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Introduction
 
The nature of connections between genotype and phe-
notype is the fundamental theme of genetics, and has long 
been focused on. However, it is only with the advent of 
complete genome sequences that we have begun to get a 
comprehensive view of this issue at genome-scale 
(Shakhnovich and Koonin, 2006). Since genome sequenc-
ing of some model organisms was finished, with the com-
ing of post-genomic era, lots of studies have attempted to 
make use of the vast wealth of data produced by various 
“-omics” studies to describe gene/protein functions and 
interactions in biological systems, which created two new 
fields, functional genomics and systems biology (Koonin, 
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2009). These two fields yielded increasingly high- 
throughout and reliable experimental data which start to 
fill the previously glaring gap between the genotype and 
phenotype of an organism (hereinafter denoted as genomic 
or phenomic variables).   
One of the important concepts in this field is “geno-
type-phenotype map”, referring to the statistical distribu-
tion of genetic effects on phenotypic characters. Great 
achievements in this field have been obtained by Wagner’s 
group (Mezey et al., 2000; Draghi et al., 2009). 
Here, we focus on the correlations between the genomic 
and phenomic variables. Genomic characteristics of one 
gene can be represented by many variables, such as evolu-
tion rate, the results of sequence evolution including the 
length of intron and ORF (protein length) in one gene, the 
biases of amino acid composition and codon usage, etc. 
The phenomic variables include but not limit to genome-  
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wide profiles of gene expression levels/breadths, compre-
hensive maps of protein-protein and genetic interactions, 
information on the effects of gene knockout/knockdown 
(“function importance”, also referred as “gene essential-
ity/dispensability”), and so on (Koonin, 2009). An inte-
grated view combining all the correlations observed be-
tween the genomic and phenomic variables will represent a 
global and systematic relationship framework about the 
signatures of selection mediated by phenomic variables, 
which will greatly enrich the evolution theory. 
In this review, we summarize the correlations between 
the genomic and phenomic variables mentioned above, and 
integrate arguable opinions on the causes behind the phe-
nomena. We first concentrate on the relationships between 
the genomic variables and expression level, the best corre-
lated to genomic characteristics (Wolf et al., 2009). Then 
we briefly described the correlations between expression 
breadth and evolution rate or protein length. At last, we 
summarize all the correlations discussed in the review and 
prospect the further tasks in the future. 
Genomic variables and expression level 
Evolution rate 
The question why proteins evolve at different rates is 
one of the central problems in molecular biology and has 
long been studied. “Functional density”, the proportion of 
sites that are involved in specific functions, proposed by 
Zuckerkandl (1976), and “functional importance” (Wilson 
et al., 1977) have long been believed as the causes of the 
differences of protein evolution rates. That is, slow- 
evolving proteins have more sites committed to function, 
or have important/essential functions. However, measure-
ment of functional density remains problematic (Drum-
mond et al., 2005, 2006) and only a weak link between 
evolution rate and functional importance of a gene was 
detected in yeast (Hirsh and Fraser, 2001) and especially in 
bacteria (Jordan et al., 2002). What’s more, this link de-
serves further re-examination because nearly all genes are 
essential in at least one condition (Hillenmeyer et al., 
2008). Some studies focused on other approximate meas-
urements such as protein-protein interactions, and found 
that highly interactive proteins evolve slowly (Fraser et al., 
2002). Unfortunately, this conclusion is also not solid 
enough and needs re-examination (Bloom and Adami, 
2003; Jordan et al., 2003; Hahn et al., 2004). Altogether, 
the correlation between a gene’s evolution rate and its 
function density or importance does exist, but the link is 
subtle. 
In contrast, a striking and apparently universal link be-
tween gene expression level and the evolution of coding 
sequence has emerged: the expression level of the encod-
ing gene, measured by mRNA transcripts, is the best indi-
cator of the protein’s evolution rate, that is, highly ex-
pressed genes evolve slowly. This negative correlation is 
apparent consistently across species: from bacteria (Rocha 
and Danchin, 2004; Drummond et al., 2006), yeast (Pál et 
al., 2001; Drummond et al., 2005), and algae (Popescu et 
al., 2006) to worm (Krylov et al., 2003), plants (Wright et 
al., 2004; Ingvarsson, 2007), fruit fly (Lemos et al., 2005), 
mouse, and human (Subramanian and Kumar, 2004). Most 
recently, Sabine et al. (2009) confirmed this universal cor-
relation using quantitative proteomic data of orthologous 
proteins in C. elegans and D. melanogaster. The rank- 
based correlation coefficients between protein abundance 
and its sequence conservation (an estimator for evolution 
rate) were calculated. The result revealed amino acid se-
quences of more highly expressed proteins evolve more 
slowly, mirroring the analogous observation for mRNA 
expression data mentioned above. 
Moreover, besides evolution rate, the “age” of one gene, 
which means its origin time during evolution, is another im- 
portant character of gene evolution. A recent study (Wolf 
et al., 2009) found that “old” genes, on average, are ex-
pressed at a higher level than “young” genes. 
As described above, the consistent correlations between 
rates of coding-sequence evolution and gene expression 
levels are apparent across taxa, but the biological causes 
behind the selective pressures on coding sequence evolu-
tion remain controversial. Drummond et al. (2005) found 
the reduction in protein evolution rate seems to be linked 
to the translation rate of proteins rather than their abun-
dance. Therefore, it is assumed that selection might favour 
amino-acid sequences that reduce the risk of protein mis-
folding induced by mistranslation. This hypothesis was 
tested by Drummond and Wilke’s work, which proposed 
that selection against toxicity of misfolded proteins gener-
ated by mistranslation could be used to explain the ob-
served correlation of expression level and sequence evolu-
tion rate (Drummond and Wilke, 2008). An analysis of the 
evolution of multi-domain proteins revealed the contribu-
tions of the translation rate appear to be comparable in 
magnitude (Wolf et al., 2008). 
Inconsistently, Choi et al. (2007) showed that transcrip-
tional variability should be a true indicator of evolution 
rate. They found that rapidly evolving genes may acquire a  
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high level of transcriptional variability and contribute to 
phenotypic variations. These results challenge the current 
theory that highly expressed genes are essential and evolve 
slowly. Whether these divergent conclusions reflect pri-
marily biological, methodological, or interpretive differ-
ences has remained unclear. 
Characteristics of gene sequence are determined by its 
evolution, and following are the separate descriptions of 
various gene characteristics affected by gene expression 
level. 
Intron length 
Introns are ubiquitous in eukaryotes, although their 
sizes vary considerably within a genome as well as be-
tween different species. Using data on the expression of 
genes that encode proteins in C. elegans and H. sapiens, 
Cristian et al. (2002) found that introns in highly expressed 
genes are substantially shorter than those in genes that are 
expressed at low levels, and the difference is greater in H. 
sapiens than that in C. elegans. However, this study ig-
nored the possible influence of regional mutational biases 
influencing the local level of insertions and deletions. 
Shortly after that, using two independent data sets of gene 
expression and correcting for regional effects, Urrutia and 
Hurst (2003) found that highly expressed genes indeed 
have reduced total intron content. 
The phenomenon of selection for short introns in highly 
expressed genes is due to the slow and expensive tran-
scription process: in eukaryotes, approximately 20 nucleo-
tides can be transcribed per second at the expense of at 
least two ATP molecules per nucleotide. So, at least for 
highly expressed genes, transcription of long introns is 
costly (Cristian et al., 2002). 
Although intron length negatively correlates with 
mRNA abundance in most cases, there is also one excep-
tion. Ren et al. (2006) found that highly expressed genes in 
both rice and Arabidopsis have both more and longer in-
trons than genes with lower gene expression. Explanations 
for the relationship between gene configuration and gene 
expression in animals might be less important in plants. 
They speculate that selection, if any, on genome configu-
ration has taken a different turn after the divergence of 
plants and animals. 
Protein length 
The length of a protein is determined by the length of 
ORF in one gene, and is one of the simplest genomic vari-
ables. Several studies have documented a negative correla-
tion between protein length and mRNA abundance.   
The earliest finding of this phenomenon is in yeast gene 
expression data. Coghlan and Wolfe (2000) examined data 
from three independent studies that used oligonucleotide 
arrays or SAGE to estimate mRNA concentrations for 
nearly all genes in the genome of yeast. They found 
mRNA concentration and protein length were negatively 
correlated. Jansen and Gerstein (2000) obtained 10 yeast 
genome expression data sets generated by different tech-
niques (e.g., SAGE and microarray) and analyzed by 
large-scale cross-referencing against broad structural and 
functional categories. One of their findings is that protein 
length and maximum expression level have a roughly in-
verse relationship. 
The negative correlation between protein length and 
mRNA abundance was soon confirmed using the gene 
expression data of higher eukaryotes, such as Drosophila 
(Lemos et al., 2005), Homo sapiens (Urrutia and Hurst, 
2003). They found that genes of higher expression produce 
only short proteins, and found a significantly negative 
correlation between protein length and mean level of 
expression. 
This negative correlation also exists between protein 
length and protein abundance. Warringer and Blomberg 
(2006) found that, in yeast, there is an inverse relationship 
between protein size and protein expression such that 
highly expressed proteins tend to be of smaller size.   
Notably, the correlation between protein length and 
mRNA/protein abundance does not allow for a clear de-
termination of cause/effect relationships. One opinion be-
lieves that gene length might be the cause of expression 
level in some degree, that is, gene length sets an upper 
limit to the expression level of mRNA due to the selection 
for metabolic efficiency (Jansen and Gerstein, 2000). In 
contrast, another opinion presumes that expression level 
may be the selection pressure, and it results in the reduc-
tion of the size of abundant proteins to minimize transcrip-
tional and translational costs (Coghlan and Wolfe, 2000). 
In fact, these two alternative opinions, i.e., protein length 
acting as evolutionary constraint on protein expression and 
protein expression restricting protein length, are not mutu-
ally exclusive but may reflect parallel selective forces. 
As an exception, Duret and Mouchiroud (1999) have 
failed to establish a direct relationship between protein 
length and gene expression. They found no association 
between protein length and gene expression in D.  
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melanogaster and A. thaliana and even found a positive 
correlation between gene length and expression in C. ele-
gans. Another example is that in Populus tremula (Salica-
ceae), there is only a weak and marginal statistically sig-
nificant negative link between mRNA abundance and pro-
tein length (Ingvarsson, 2007). Both of these two studies 
estimated gene expression level from the cDNA libraries 
instead of SAGE or microarray data, which may be the 
cause for the discordance with other studies. 
Amino acid composition 
Amino acid composition is one of the simplest attrib-
utes associated with a protein. Because of differences in 
the costs and biochemical properties associated with amino 
acid biosynthesis and/or with acquisition through the diet, 
one might expect genes expressed in large quantities to 
have a biased amino acid usage. 
This hypothesis has been confirmed by several studies. 
Jansen and Gerstein (2000) found Ala and Gly are en-
riched and Asn is depleted in highly expressed proteins in 
yeast. This may be due to different general requirements 
for the synthesis of these amino acids. In the metabolism 
of yeast, Ala, the most enriched amino acid, is synthesized 
directly in one step from pyruvate. In contrast, Asn, the 
most depleted amino acid, follows a more involved route. 
So it seems that the yeast cell has adapted to these ener-
getic realities in the course of evolution by strongly favor-
ing Ala over Asn in highly expressed proteins. Akashi and 
Gojobori (2002) provide evidence that amino acid compo-
sition in the proteomes of E. coli and Bacillus subtilis re-
flects the action of natural selection to enhance metabolic 
efficiency. Their analyses also showed the increases in the 
abundance of less energetically costly amino acids in 
highly expressed proteins. Urrutia and Hurst (2003) also 
observed a significant relation between amino acid usage 
and expression level for 16 out of 20 amino acids using 
human gene expression data. 
The correlation between amino acid composition and 
expression level has also been confirmed by the data with 
protein abundance. Greenbaum et al. (2002) and Ishihama 
et al. (2008) found greater frequencies of small amino ac-
ids Ala, Gly and Val in highly abundant proteins. Addi-
tionally, Ishihama et al. (2008) also determined that Leu, 
Gln, Pro, Ser and Trp are more common in low abundance 
proteins whereas Lys and Glu are more common in the 
high abundance group. 
Codon bias 
Codon bias refers to the differences among organisms 
or genes within one genome in the frequency of occur-
rence of codons in protein-coding genes. Different organ-
isms often show particular preferences for one of the sev-
eral codons that encode the same amino acid. “Codon us-
age” was an old theme and was first examined in prokary-
otic genes (Grosjean and Fiers, 1982). Ikemura (1985) 
raised that there exists a strong positive correlation be-
tween codon usage and tRNA content in Escherichia coli 
and the yeast Saccharomyces cerevisiae. Bulmer (1987) 
also proposed codon usage is likely to exert selection 
pressure on tRNA abundance and developed a model for 
the coevolution of codon usage and tRNA abundance. But 
what is the selection pressure of codon bias? The question 
is a much debated area of molecular evolution. 
If selection has acted to maximize the efficiency of 
translation, one might also expect patterns of gene expres-
sion to be related to codon bias. This hypothesis has been 
confirmed by many studies in several unicellular and in-
vertebrate species (Gouy and Gautier, 1982; Ikemura, 1985; 
Sharp et al., 1986; Duret and Mouchiroud, 1999; Coghlan 
and Wolfe, 2000). Futcher et al. (1999) and Ishihama et al. 
(2008) have confirmed the correlation between codon bias 
and molecular abundance at protein level in yeast and E. 
coli, respectively. 
As for plant, Ingvarsson (2007) studied associations 
between codon and gene expression  in  the  long-lived, 
woody perennial plant Populus tremula (Salicaceae). 
Using expression data for 558 genes derived from EST 
libraries from 19 different tissues and developmental 
stages, the study showed that gene expression has direct 
effects on codon usage in P. tremula, although in differ-
ent ways.   
In mammals, evidence of codon bias and its possible 
relation to expression profiles has remained scarce. Codon 
bias in mammalian genes has been interpreted as the result 
of regional base composition variations (Eyre-Walker, 
1991; Sharp et al., 1995; Smith and Hurst, 1999).  How-
ever, another two studies (Debry and Marzluff, 1994; Iida 
and Akashi, 2000) indicate that codon bias might be re-
lated to expression profiles. 
As to human, Urrutia and Hurst (2001) showed that for 
most of the genes, codon bias is significantly higher than 
expected from background nucleotide composition. Two 
years later, they also examined whether this residual bias is 
related to expression levels (Urrutia and Hurst, 2003). 
They found that codon bias is positively correlated with  
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level of expression and the correlation remains significant 
after correcting for length of protein. 
As described above, natural selection on codon usage is 
a pervasive force that acts on a large variety of prokaryotic 
and eukaryotic genomes. Despite this, obtaining reliable 
estimates of selection on codon usage has proved compli-
cated, perhaps due to the fact that the selection coefficients 
involved are very small. Dos Reis and Wernisch (2009) 
used a population genetics model to measure the strength 
of selected codon bias in 10 eukaryotic genomes. The  
results showed that the strength of selection is closely 
linked to expression but the strength becomes lower 
gradually from fungi, multicellular invertebrate, and plant 
to large mammalian genomes. As theoretically expected, 
population size has an important role in the operativity of 
translational selection. 
Genomic variables and expression breadth 
Besides expression level, expression breadth is another 
important parameter of expression pattern, and correlates 
obviously with evolution rate. Broadly expressed proteins 
have to operate under diverse cellular conditions and might 
interact with diverse proteins. As expected, proteins with 
broad expression breadth in mammals (Duret and 
Mouchiroud, 2000; Subramanian and Kumar, 2004), in-
sects (Subramanian and Kumar, 2004) and plants (Wright 
et al., 2004) evolve more slowly than tissue-specific pro-
teins. In addition, some studies also found there is a nega-
tive correlation between protein length and gene expres-
sion breadth (Ingvarsson, 2007). 
Summary and prospect 
This review concentrated on the relationships between 
genomic and phenomic variables. Driven by the availabil-
ity of many complete genome sequences, along with re-
sults from the studies of functional genomics and systems 
biology, there are more and more studies comprehensively 
revealed these relationships at genome-scale. It is becom-
ing clear that gene expression patterns, in particular, exert 
a substantial selection on gene/protein characteristics (Fig. 
1). Besides the significant correlations between genomic 
and phenomic variables, the genomic or phenomic vari-
ables themselves also correlate with each other. Briefly, 
codon bias is negatively correlated with gene/protein 
length (Ingvarsson, 2007), whereas the relationship be-
tween evolution rate and gene/protein length is arguable 
(Lipman et al., 2002; Ingvarsson, 2007). What’s more, 
expression breadth is strongly positively correlated with 
expression level (Fig. 1). 
Collectively, although the conclusions here have 
seemed to be solid enough, they also seem to need further 
examination when the technologies of functional genomics 
are renovated. There will be much more new insights of 
this field in a not so remote future. 
 
Fig. 1.  Graphical representation of the correlations between genomic and phenomic variables mentioned in the text. Single-headed arrows indicate as-
sumed causal relationships between variables; double-headed arrows indicate correlations between variables. +, positive; –, negative; +/–, arguable. Nota-
bly, the genomic variables are listed according to the sequence remarked at the top of the figure.  
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